Objective: To evaluate the impact of implantable cardioverter-defibrillators (ICDs) on mortality in patients with left ventricular assist device (LVADs) by conducting a systematic review and meta-analysis of published studies.
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INTRODUCTION
Permanently implantable left ventricular assist devices (LVADs) significantly improve survival in patients with end-stage heart failure who are either awaiting or are ineligible for cardiac transplantation (1) (2) (3) . Despite the increasing use of LVADs and the advancing device technology (4) , the estimated actuarial survival in LVAD-supported patients ranges from 56%-87% at 1 year, and ~47% at 4 years (5). Device thrombosis, sustained ventricular arrhythmias, driveline infections, neurologic events, and right ventricular failure are the most important risk factors for mortality in these patients (5, 6) .
Although ventricular arrhythmias are common and frequently associated with increased mortality in patients with LVADs (7), it is suggested that sudden cardiac death is an uncommon mode of death in these patients. In previous studies, patients with LVADs have been reported to survive for days to months despite being in rapid ventricular arrhythmias (8) (9) (10) (11) . As such it is postulated that mortality in these patients is primarily related to right heart failure and renal dysfunction. Hence, the benefit of implantable cardioverter defibrillators (ICDs) in patients with LVADs has remained unclear.
Although prior observational studies have reported a high burden of appropriate and inappropriate ICD therapies, the data on the effect of ICD on survival of patients with LVADs have been conflicting (12) (13) (14) (15) (16) (17) . The aim of this study was to assess the impact of ICD on survival of patients with LVADs through a comprehensive systematic review and meta-analysis of previously published studies.
METHODS
Data sources and search strategy
We searched PubMed and OVID electronic databases for studies published from January 2000 M A N U S C R I P T
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through October 2015 using the following medical subject heading terms -"implantable cardioverter-defibrillator or ICD", "ventricular assist device or VAD", "left ventricular assist device or LVAD", "mortality", and "outcomes". We limited our search to include studies published in English and those involving humans only. We also searched the clinicaltrials.gov website and the reference list of relevant articles, and used the Science Citation Index to cross reference any articles that met our selection criteria. The methodology utilized in this study has been previously used and validated (18) (19) (20) .
Study selection
To be eligible, studies had to fulfill the following inclusion criteria: (1) randomized controlled trial or observational study; (2) compare LVAD-supported patients with and without ICDs; (3) report information on all-cause mortality for both ICD and no-ICD groups; and (4) report the estimate of relative risk (RR) with 95% confidence interval (CI), or different measures of RR such as hazard ratio or odds ratio, or provided data such that RR could be calculated. Presence of biventricular assist devices (BIVAD), or right ventricular assist device (RVAD) alone, was acceptable. Studies with fewer than 20 patients and abstracts were excluded. The final inclusion consisted of six studies (12) (13) (14) (15) (16) (17) . Our search strategy is displayed in Figure 1 .
Assessment of bias was conducted as described by Downs and Black (21) , with two independent reviewers (F.K. and N.S.) assessing the studies. High, medium, and low risks of bias in reporting, external validity, internal validity-bias, internal validity-confounding, and power were quantified as previously described (22) . A funnel plot was constructed to assess for publication bias.
Patient groups and outcomes
Patients that had an ICD at the time of LVAD implantation and those that received an ICD after LVAD implantation were included in the 'ICD group'. Patients that did not have an ICD, and those that had the ICD inactivated after LVAD implantation were included in the 'no-ICD group'.
Primary outcome was all-cause mortality. Secondary outcome, which was reported by only 5 of the 6 studies [except Enriquez et al. (14)], was the incidence of blood stream or device related infections.
Statistical analysis
Continuous variables were expressed as mean ± SD and were cumulated using single arm continuous variable random-effects meta-analysis. Categorical variables were expressed as percentages and were cumulated using standard weighted proportions. Baseline variables were compared using t-test for means and z-test for proportions. RR and 95% CI were calculated by creating contingency tables. The natural logarithms of the study-specific RR and CI from individual studies were combined using random-effects meta-analytic model (23) . Given that the study by Cantillon et al (13) contributed nearly half the patients to the meta-analysis and had a significant proportion of patients with BIVADs, sensitivity analysis for primary outcome was performed for the remaining five studies after excluding the study by Cantillon et al. 
RESULTS
Included studies
A total of 6 studies reporting data on 937 patients (range 23-478) were included in the analysis (Table 1 ). All studies were observational and were published between the years 2009 and 2015.
One study was conducted in Europe (12) , four in the United States (13) (14) (15) 17) , and one in Australia (16) . Characteristics of each study including design, follow-up, and quality are shown in Table 1 . Risk of bias assessment for each individual study is illustrated in Figure 2 . A funnel plot illustrating publication bias is shown in Figure 3 .
Patient characteristics
Overall, patients were 53±12 years old and majority (80%) were male ( Table 2 ). All patients An ICD was present in 355 (38%) patients. Table 2 shows the pooled clinical characteristics of the patients with vs. without an ICD. Patients in the ICD group were more often male and had a higher incidence of diabetes, but a lower incidence of ischemic cardiomyopathy. These patients were more likely to be on beta-blockers and aldosterone receptor antagonists. Of the total 937 patients, 361 (39%) patients had a CF-LVAD. In this sub-group, an ICD was present in 245 (68%) patients, whereas 116 (32%) did not have an ICD. Mortality in the ICD group was 14% as compared to 25% in the no-ICD group. Thus, use of an ICD was associated with an 11% absolute risk reduction, and a 24% relative risk reduction (RR: 0.76; 95% CI: 0.51-1.12; p=0.17) in mortality in the CF-LVAD subgroup ( Figure 5 ), however, this trend towards improved survival with ICD use was not statistically significant.
DISCUSSION
The results of this meta-analysis highlight several important findings. First, use of ICDs in this cohort of patients with end-stage heart failure and LVAD implantation was relatively low at 38%.
This may be related to inclusion of larger number of patients from Cantillon et al (13) , who were enrolled before ICD implantation guidelines were available. Second, ICD use was associated with a 39% relative reduction in mortality in patients with LVADs. However, when the analysis was limited to patients with CF-LVADs only, the trend towards improved survival with ICD use did not reach statistical significance. Lastly, the rate of blood stream or device-related infections was significantly lower in the ICD group as compared to the no-ICD group. Given the lack of patient-level data reasons for such a finding are unclear, but may reflect a selection bias of not implanting ICDs in patients at relatively higher risk for infections.
The evidence supporting ICD use in patients with LVADs is limited to a few, relatively small studies. Current practice guidelines supporting ICD use in LVAD patients are therefore predominantly based on expert consensus and observational studies (24) . To the best of our knowledge, this is the first comprehensive systematic review in an area that currently lacks prospective cohort studies or randomized trials. While the overall results from this meta-analysis support ICD use in VAD patients, the beneficial effect of ICDs lost statistical significance when M A N U S C R I P T
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10 the analysis was limited to CF-LVAD patients only despite a 11% absolute risk reduction in mortality noted in the ICD arm. While the reasons for this are not immediately clear, one could speculate that a significantly smaller sample size may have caused the RR to cross the line of identity in this sub-group. To the contrary, given that outcomes and hemodynamic stability with CF-LVADs are significantly better than with older PF-LVADs, ICDs may not offer survival benefit to CF-LVAD patients. Based on these findings however, we believe that ICDs should continue to be used in patients with CF-LVADs until further randomized clinical trial data become available.
The reported prevalence of ventricular arrhythmias after LVAD implantation has been shown to range from 22%-59% and depends on several factors such as the presence of ventricular arrhythmias prior to LVAD implant, LVAD type, and the presence of ischemic heart disease (25) . Although the burden of ventricular arrhythmias is the highest in the first 30-days following LVAD implant (12, 26, 27) , late ventricular arrhythmias have also been reported (15) .
Although ventricular arrhythmias commonly lead to sudden cardiac death in non-LVAD patients, patients with LVADs have been reported to survive for prolonged periods of time while being in sustained ventricular arrhythmias (8) (9) (10) (11) . Despite that, several studies have reported a higher mortality in LVAD patients who have ventricular arrhythmias. In one study, Bedi et al reported a 15% higher absolute risk of mortality in patients with ventricular arrhythmias, with overall mortality being highest amongst those who developed arrhythmias within one week of LVAD implantation (7). In another study, Brenyo et al found a nearly 10-fold increase in mortality in LVAD patients that had ventricular arrhythmias as compared to those that did not (28) .
Interestingly, the median time from first ventricular arrhythmia event to death in that study was M A N U S C R I P T
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prove; and ventricular arrhythmias may be a marker of overall clinical deterioration rather than the cause of death (25) .
Further Garan et al (15) in their study of 94 patients reported that ICDs in CF-LVAD patients appear to be beneficial only in those who had ventricular arrhythmias prior to LVAD implantation. To that regard, they advocated that it might be reasonable to not implant ICDs in LVAD patients without a history of ventricular arrhythmias. However, Ziv et al in a retrospective study of 91 patients showed that 28 (31%) patients without pre-LVAD ventricular arrhythmias developed de novo ventricular arrhythmias after LVAD implantation (27) . Unfortunately, the absence of patient-level data limits our ability to differentiate the utility of ICDs amongst those that had pre-implant ventricular arrhythmias versus those who did not.
The study by Cantillon et al (13) contributed the largest number of patients to this systematic review (n=478) and also included 84 patients with BIVADs and 36 patients with RVAD alone. Patients in this study were enrolled over two decades (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) , had a much lower prevalence of ICD use, and a significantly worse overall survival as compared to the other studies, perhaps due to the use of predominantly older generation PF-LVADs. When sensitivity analyses were performed after excluding this study, the prevalence of ICD use increased from 38% to 58%. Importantly, the beneficial effect of ICDs on mortality persisted even after excluding this study.
This study has a few limitations. First, all included studies reported retrospective observational data, which are subject to bias. Particularly, we cannot exclude the possibility of selection bias when clinicians made decisions about ICD implantation. Second, this cohort was enriched with patients (93%) that received an LVAD as bridge-to-transplantation. As such, these results cannot be generalized to patients receiving destination therapy LVADs who are known to M A N U S C R I P T
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12 be relatively sicker than those awaiting transplantation. Third, information on the burden of ventricular arrhythmias and its relation to timing of LVAD implantation, ICD therapies, and ICD programming was unavailable and cannot be accounted for. Fourth, given the lack of patient level data we could not exclude all patients with BIVADs (17%) and RVADs (4%). However, in the subgroup analysis of CF-LVAD only patients ( Figure 5 ) the percentage of patients with BIVADs drops to 4% and those with RVADs drops to 0%. Lastly, cause of death (sudden vs.
non-sudden) could not be ascertained.
In conclusion, ICD use is associated with a significant reduction in all-cause mortality in LVAD patients, and has a non-significant trend towards improved survival in patients with CFLVADs. These findings support and strengthen the current guideline recommendations regarding the use of ICDs in LVAD patients. Randomized trial data are strongly warranted that can address the utility, optimal device programming, and timing of ICD implantation in the current generation CF-LVAD patients with and without ventricular arrhythmias.
CLINICAL PERSPECTIVES
Results from this meta-analysis are the largest till date highlighting the importance of ICD use in patients with LVADs and suggest that ICD use may be associated with improved survival in this population. Given that LVADs provide strong hemodynamic support, sudden death is a rare mechanism of death in these patients. While the mechanism of survival benefit from ICDs in LVAD patients remains unclear, one could speculate that the beneficial effects may be related to reduction in deleterious effects of ventricular arrhythmias on right ventricular function, thereby leading to reduction of heart failure deaths as opposed to sudden death. Further, although the current analysis may be underpowered to examine the effectiveness of ICDs in CF-LVAD patients, there was still a non-significant trend towards improved survival and an 11% absolute 
